High density lipoprotein cholesterol (HDL-C) is a primary risk factor for cardiovascular disease. Apolipoprotein A-1 (apoA1) is the major HDL-associated apolipoprotein. The −75 G/A single nucleotide polymorphism (SNP) in the apolipoprotein A1 gene (APOA1) promoter has been reported to be associated with HDL-C concentrations as well as HDL-C response to dietary changes in polyunsaturated fat intake. We examined the effect of this APOA1 SNP on exercise-induced changes in HDL subfraction distribution. From a cohort of healthy normolipidemic adults who volunteered for 6 months of supervised aerobic exercise, 75 subjects were genotyped for the −75 G/A SNP. Of these, 53 subjects were G homozygotes (G/G) and 22 were A carriers (A/G and A/A). HDL subfractions were measured by nuclear magnetic resonance (NMR) spectroscopy by adding categories HDL-C 1 + 2 for the small subfraction, and HDL-C 3+4+5 for the large. The change in total HDL-C after exercise was 0.8 ± 7.2 mg/dL (+1.7%), and was not statistically significant. HDL subfraction amounts also did not significantly change with exercise training in the total cohort or in G homozygotes or A carriers. The amount of the large HDL subfraction increased in the G homozygotes and decreased in the A carriers (mean ± S.E.M., 1.8 ± 6.6 mg/dL versus −6.1 ± 2.3 mg/dL, p < 0.0005). In contrast, the amount of the small HDL subfraction decreased in G homozygotes and increased in A carriers (−1.3 ± 6.6 mg/dL versus 4.7 ± 1.2 mg/dL, p < 0.005). These results show that genetic variation at the APOA1 gene promoter is associated with HDL subfraction redistribution resulting from exercise training.
Introduction
HDL cholesterol (HDL-C) concentrations are inversely related to cardiovascular disease (CVD) risk [3] . However, it has been suggested that this protection is stronger for the larger HDL subfractions, such as HDL2b [4] [5] [6] [7] [8] . In contrast, decreased large [9] [10] [11] and increased small HDL particles [4, 12] appear to increase CVD risk. The concentration of cholesterol in relatively discrete HDL size categories can be determined via ultracentrifugation, gel electrophoresis, or nuclear magnetic resonance (NMR) spectroscopy [1] . NMR-based analyses of HDL yields five such categories from the smallest, H1, through the largest, H5 [13] .
A common polymorphism in the APOA1 promoter region, the −75 G/A SNP [14] , was reported with an allele frequency of about 0.3 in the general population. This polymorphism has been associated with changes in blood pressure [15] , vari-ability in the HDL-C response to statins [16] and dietary fat intake [17] . However, the correlation of this polymorphism with apoA1 levels is weak at best based on two large studies [18, 19] .
We have previously shown that apolipoprotein E (APOE) genotype affects aerobic exercise-induced changes in serum lipids, maximal oxygen uptake [21] , and LDL particle size [20] . In the current study, we used this cohort to exam-ine the effect of the APOA1 promoter's −75 G/A SNP on HDL subfractions following 6 months of aerobic exercise training.
Methods

Study overview
The study design and testing procedures have been described in detail [21] . In brief, seven investigators from institutions in the Exercise and Genetics Collaborative Research Group recruited a total of 174 subjects for a 6 month exercise training protocol. Of those completing the training, 75 subjects were genotyped for the APOA1 pro-moter's −75 G/A SNP and are reported here.
Subjects
Subjects were healthy, without orthopedic problems, non-smokers, physically inactive, between 18 and 70 years of age, body mass index (BMI) �31, and consumed <2 alcoholic beverages daily [21] . They were reimbursed US$ 250 at the end of the study.
APOA1 genotype determination
DNA was extracted from leukocytes and the APOA1 pro-moter variant (−75 G/A SNP, Reference SNP ID, rs670) determined using standard molecular biology techniques [17] .
Serum lipoprotein measurements
Serum was obtained after a 12 h fast before and after 6 months of exercise training. Post training samples were obtained within 24 h of the penultimate or final exercise training sessions. Lipid levels in women before and after training were obtained within 10 days of the onset of menses to avoid variations in lipoprotein values [22] . Lipoprotein subfraction levels and mean particle size were determined by NMR spectroscopy as previously described [23] .
Exercise program
Subjects underwent a 6 month, progressive, supervised exercise program [21] . Subjects exercised at 60-85% of their pre-training maximal exercise capacity for 40 min 4 days weekly. Subjects also participated in 5 min of warm-up and cool-down so that each workout required 40-50 min.
Data analysis
To investigate whether APOA1 genotype affected large and small HDL subfraction responses to exercise, separate group (APOA1 genotype) × gender analyses of variance (ANOVA) on small and large HDL baseline or change scores were performed. Analysis of covariance using only statis-tically significant covariates (p < 0.1) was used to examine the independence of the APOA1 gene effect. Levene's test was used to test for homogeneity of variance in small and large HDL particle distributions. Sidak's adjusted post hoc tests were employed when F ratios were significant. For hypothesis testing, significance levels were two-sided with alpha = 0.05.
Results
Concentrations of six very low density lipoprotein(VLDL), one intermediate density lipoprotein cholesterol (IDL), three LDL, and five HDL subclasses were determined. Anthropometric variables, maximal exercise capacity, and dietary intake were measured as described [21] .
Genotyping of the −75 G/A SNP for the 75 subjects in the present study showed that 70% were G homozygotes whereas 30% were A carriers. This frequency is within the range observed for other Caucasian populations [17] . Age, gender, and baseline physiological variables did not differ by APOA1 promoter genotype.
Baseline and exercise-induced changes in serum lipids in the present report are based on 75 of the 120 exercise trained subjects reported in our prior paper [21] . Here, we present NMR-derived lipid values whereas the prior report used lipid levels determined by enzymatic techniques. Baseline plasma TGs were significantly (p = 0.037) lower in the G homozygotes to begin with, and their percentage change in response to exercise training was lower than values for A carriers (p = 0.051). Baseline HDL-C, determined by either enzymatic reaction or NMR spectroscopy technique and APOA1 protein concentration was higher in G homozygotes, but not in a statistically significant manner.
Large HDL particle cholesterol did not differ between the groups at baseline (36.4 ± 2.5 mg/dL for G homozygotes versus 37.3 ± 3.7 mg/dL for A carriers, but small HDL particle cholesterol tended to be higher in G homozgotes than A carriers (14.2 ± 0.9 mg/dL versus 10.8 ± 1.5 mg/dL, p = 0.06 mg/dL).
There was no effect of the APOA1 promoter −75 G/A SNP on the change in total HDL-C (0.3 ± 1.2 mg/dL (G/G) versus −1.3 ± 1.8 mg/dL (G/A + A/A)) ( Table 1) . Small HDL-C increased in the A carriers but decreased in G homozygotes (4.7 ± 1.2 mg/dL versus −1.3 ± 1.2 mg/dL, p < 0.005). Con-versely, large HDL-C decreased in A carriers but increased in G homozygotes (−6.1 ± 2.3 mg/dL versus 1.8 ± 1.6 mg/dL, p < 0.0005) (Fig. 1) .
Changes in lipids and HDL subfractions were generally independent of other factors. We tested for the independence of the APOA1 genotype effect on the HDL subfractions. Baseline values can influence exerciseassociated changes in lipids through regression to the mean. The influence of baseline values on HDL subfraction changes with exercise training was examined using ANCOVA. Baseline small HDL subfraction amount was the only covariate that altered the effect of APOA1 genotype on the change in large HDL sub-fraction amount. Baseline measurements for total cholesterol, LDL-C, HDL-C, log of enzymatic TG, BMI, and waist cir-cumference did not alter the effect of the APOA1 promoter variant effect (all p ≤ 0.021). 
Discussion
Exercise training produces putatively beneficial changes in fasting blood lipids [24] . Exercise decreases total TGs and VLDL-C, and increases HDL-C [24] . These changes occur in proportion to exercise intensity and volume [25] . Other characteristics of lipoprotein particles, such as size [12, 26] , number [27, 28] , and chemical composition [28, 29] , also respond to exercise. Size changes include decreases in VLDL mean diameter, and increases in LDL and HDL diameters [25] . Recent work has focused on prebeta-1 HDL-C particles, which play an important role in the reverse cholesterol transport (RCT) process and are increased by exercise [36, 37] . The HDL-C response to exercise is related to the baseline HDL level [38] .
Lipoprotein particle size is increasingly recognized as a risk factor for atherosclerotic CVD. For example, small LDL particles are recognized to be more atherogenic than large particles [30] . HDL particle size may also affect CVD risk. CVD patients have lower levels of large HDL particles than do healthy controls [9, 10, 31] . High levels of small HDL are also associated with CAD severity [4] and small HDL particles are related to other risk factors for CAD [12] .
The present study demonstrates that the common −75 G/A SNP in the APOA1 gene affected the changes in HDL-C subfractions resulting from 6 months of exercise training. The effects of exercise training on G homozygotes were an increase in the amount of large HDL particles and a decrease in the amount of small HDL particles. The effects were reversed in A carriers. Considering only HDL particle size and its relationship to CVD risk, subjects who are G homozygotes appear to benefit more from exercise training than those who are A carriers. Without this genetic stratification, the effects of exercise on HDL particle distribution are masked if not obliterated. The underlying mechanisms for particle size differences are not well understood. Genomic variation influences fast-ing lipids [32] , and emerging evidence suggests that genetic variants affect the response to exercise training [21] . Little is known about the specific genetic factors that influence the change in HDL with exercise, despite the prediction that 37%of the variability in the change in HDL-C with exercise is heritable [33] . The primary effect of the APOA1 gene is on HDL and associated subfractions since baseline and exercise-induced change in LDL-C particle size were not associated with the −75 G/A SNP (data not shown). One of the few studies investigating the effect of genetic variants on exercise changes in HDL subfractions [34] found that the endothelial lipase gene, LIPG, Thr111IIe variant affects the exercise-associated increases in large HDL particles. The amount of large HDL particles increased 2.2 mg/dL in the LIPG CC genotype with aerobic exercise compared to only 0.5 mg/dL for the CT + TT genotypes. To our knowledge, the present results are the first to demonstrate that the −75 G/A SNP in the APOA1 promoter is associated with changes in the amounts of both large and small HDL subfractions in response to exercise. Furthermore, a comparison of the exercise effects on HDL subfraction distribution between G homozygotes and A carriers suggests a genetically predictable counterbalance between large and small HDL subfractions.
How does the APOA1 gene promoter produce the changes observed in the present study? Apolipoprotein A1 is found in both large and small HDL particle populations. Given the fluid nature of the HDL particle, relatively different amounts of ApoA1 protein could shift the distribution among HDL subcomponents. The variable protein amounts result, in turn, from variable expression of the gene among individuals due to the APOA1 promoter polymorphism. The half-life of HDL apolipoproteins is several days longer in endurance athletes and increases with exercise training [35] . Consequently, there is time for modification of the HDL particle distribution in the circulation, and the time available for this modification may increase with exercise training. It is possible that the APOA1 promoter gene interacts with the increase HDL survival pro-duced by exercise to alter the HDL particle distribution. Con-centrations of circulating factors such as lecithin cholesteryl acyl transferase (LCAT), acylcoenzyme A cholesterol acyl-transferase (ACAT), CETP, or plasma phospholipid transfer protein (PLTP) also change with exercise training and could amplify the effects of even subtle changes in ApoA1 concentration on HDL particle size distribution.
It may be asked why no significant change in ApoA1 serum concentration is observed if the effect of the SNP derives from a difference of expression of the gene. We do observe a ∼7% reduction in serum level of ApoA1, but it is not statistically significant. However, lack of statistical significance does not exclude biological significance. A strong decrease in ApoA1 expression may be masked in the serum level by a corresponding increase in the rate of removal of the protein from the serum.
We also observed a difference in the exercise response of triglycerides in our data. Exercise lowers blood triglycerides through increased lipase activity and can generate nascent small HDL particles [37, 39] . However, the physiological role of the APOA-1 promoter variant in the increase in HDL-C is not clear. Exercise stimulates increased expression of lipoprotein lipase [40] , lipolyzing core triglycerides within large TG-rich lipoproteins, reducing overall particle size and causing a loss of surface polar lipids that may become small HDL particles. Without more information it is difficult to relate this event to variation in the APOA1 −75 promoter.
In conclusion, a genetic variant in the APOA1 promoter alters the responses of small and large HDL particle distribution to exercise training. These results support the concept that the physiological response to exercise training varies among individuals due in part to genetic variation.
